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Abstract
Anthropological analyses include the examination of individual skeletal elements to
estimate the biological profile of an unknown individual (age, sex, stature, and ancestry).
Commingled human remains (the remains of multiple individuals mixed together) present a
significant challenge to these analyses. Commingled skeletal elements may appear similar in size
and color, making visual determinations of which bones belong to a certain person insufficient to
ensure accurate sorting. Furthermore, when remains are fragmentary as well as commingled, it is
more complicated to re-associate each element with a single individual. Traditional methods of
sorting commingled remains include pair matching, osteometrics, taphonomic assessment, and
assessing overall bone morphology. DNA is another method used to re-associate fragmentary
remains, particularly smaller pieces lacking identifiable characteristics. DNA analysis, however,
is destructive and may not be affordable or accessible.
The purpose of this study was to test whether the pXRF can be applied to identify
chemical elemental signatures unique to an individual for the purpose of sorting commingled
human remains. Studying bones at the elemental level may identify chemical signatures unique
to an individual. To evaluate whether chemical elements from bone are distinctive enough to
allow bone elements from a single individual to be re-associated, bones from forty known
individuals donated to the William M. Bass Donated Skeletal Collection from the University of
Tennessee, Knoxville were scanned using the pXRF to characterize their chemical elemental
composition. Twenty of the donors decomposed on the ground surface at the Anthropology
Research Facility (ARF) at the University of Tennessee, Knoxville and twenty donors
decomposed in a burial at ARF. The chemical elements from one individual were assessed and
compared to the chemical elements from the other skeletons. Comparisons of chemical and
elemental composition and concentration values between individuals who decomposed on the
surface with buried individuals is recorded to assess differences in between the two
environments. A surface to buried comparison is important to understand whether there can be
differences seen at the elemental level as well as evaluating if this method works for buried
remains which are subject to different taphonomic influences.
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CHAPTER ONE
INTRODUCTION
Anthropological analyses of human remains are grounded in the examination of skeletal
elements to estimate the biological profile (age, sex, stature, and ancestry) of an unknown
individual. Commingled human remains, bones from multiple individuals mixed together,
present a significant challenge to anthropological analyses. Commingled skeletal elements may
appear similar in size and color, therefore, making visual determinations of individualization
insufficient to ensure accurate sorting. Also, biological profile cannot be done until the skeletal
elements are sorted to their respective individual.
In cases of commingling, re-association of all 206 adult bones to the correct individual
without the use of DNA analysis is nearly impossible. DNA analysis has been successfully
applied to sort and re-associate commingled fragmentary remains (Mundorff and Davoren 2014),
however, DNA analysis is destructive and not cost efficient or in the case of Native American
remains—allowed. When remains are fragmentary, as well as commingled, re-association of
each element to a single individual becomes increasingly challenging. While visual pairmatching (Adams 2008a), articulation (Adams 2008b), process of elimination (L'Abbe 2005),
osteometric comparison (Adams 2008b), and taphonomy (Adams 2008b) have been shown to be
successful decommingling large skeletal elements from small assemblages, reassociation of
smaller elements, such as hand and foot bones or ribs, remains a challenge. Mass fatalities by
natural disaster, accident, or genocide may also result in large-scale commingling that prevents
the identification and repatriation of unknown individuals.
The purpose of this study was to evaluate a non-destructive chemical elemental analysis
technique to determine whether skeletal remains can be individualized for use in sorting
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commingled assemblages. The data from chemical elemental analysis of skeletal elements can
identify chemical signatures distinctive to an individual. Therefore, the chemical elemental
composition of bone was characterized from 21 skeletal elements from 40 known individuals
from the William M. Bass Donated Skeletal Collection at the University of Tennessee, Knoxville
(UTK), using a portable X-ray fluorescence (pXRF). Twenty individuals decomposed on the
ground surface at the Anthropology Research Facility (ARF), a human decomposition facility, at
UTK. The chemical elemental data from each individual were assessed and then compared to the
chemical signatures from the other skeletons. These data were observed to evaluate whether
chemical elements from individual bones are distinctive enough to reassociate skeletal elements
from a single individual. 20 individuals that decomposed in burials at ARF were also scanned
after analyses were completed on the surface donors. In this study, chemical and elemental
composition and concentration values from individuals who decomposed on the surface are
compared to values from buried individuals to assess differences between the two environments.
An important aspect of this research is the ability to understand the chemical elemental
structure of bone and whether anthropologists can use chemical elemental data to solve issues of
commingling. The proposed work aims to test a new application of pXRF: to distinguish human
skeletal elements from different individuals and provide a rapid, mobile, low cost, and nondestructive method of analysis. The pXRF can be of immediate use in situations where
destructive analysis is not available and is critical for families, tribes, and descendant
communities to assist in the re-association of skeletal remains. This project utilizes a distinct way
to sort commingled remains with new technology that can be applied across all disciplines in
anthropology and within different contexts.
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This research has four goals. First, to assess if all skeletal elements within the same
individual have similar chemical elemental profiles. Second, to assess if skeletal elements from
different individuals have distinctive chemical elemental profiles. Third, to establish whether
chemical signatures of buried remains are comparable to the chemical signatures of surface
remains. Fourth, to assess if there are differences in chemical elemental composition between
males and females. The approach presented here can be used in the field of forensics as well as
in bioarcheological contexts.
Other methods of decommingling, in addition to the pXRF, are presented in chapter 2.
Chapters 3 and 4 discuss respectively methods and results of this current research. Interpretation
of the results is presented in the Discussion (Chapter 5) and finally the study Conclusion
(Chapter 6).
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CHAPTER TWO
TRADITIONAL METHODS OF SORTING COMMINGLED REMAINS
Commingling may increase the time to identification or otherwise complicate skeletal
analyses. When remains are commingled, multiple bones from separate individuals are combined
in an area together. Commingled human remains occur after mass fatality incidents initiated from
natural disasters, accidents or genocide, and may result in unidentified individuals. Importantly,
in cases of commingling, smaller elements often cannot be re-associated due to the lack of
identifiable features or articulating surfaces that could distinguish them from the bones of other
individuals. This section reviews traditional methods of sorting and reassociating commingled
remains followed by a discussion of research using pXRF.
Traditional methods of sorting commingled remains include visual pair-matching (Adams
2008a), articulation (Adams 2008b), process of elimination (L'Abbe 2005), osteometric
comparison (Adams 2008b), and taphonomy (Adams 2008b). These methods are most accurate
when used collectively. In addition, accuracy of the techniques decrease as more skeletal
elements and number of individuals are introduced. DNA can also be applied to re-associate
fragmentary remains, particularly smaller fragments lacking identifiable characteristics.
However, DNA analysis is destructive, expensive and may not be time efficient and will not be
discussed here. In this chapter, the most common methods of sorting commingled remains, from
most reliable to least, are explored.
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Osteometric Sorting
Osteometric sorting is one of the most utilized methods to re-associate commingled
skeletal elements. Osteometric sorting is the formal use of bone size and shape to sort bones
from one another and relies greatly on precise measurement data and statistical models and is
designed to maximize objectivity (Byrd and Adams 2003). Statistical methods are very important
when sorting commingled elements because they provide unbiased mathematical data for sorting.
Sorting commingled remains without statistical support relies heavily on the experience of the
practitioner, which can minimize the accuracy of the technique. Osteometric sorting exhibits
objectivity in numbers to support matching of commingled elements. For example, a tibia and
radius may be reassociated to the same individual based on size ratios.
Finlayson and colleagues (2017) conducted osteometric sorting in their case study of two
individuals that were found commingled together in northern California. Of the seven postcranial
measurements that were available for comparison for both left and right elements, Finlayson et
al. (2017) found that the femora, tibiae, and fibulae are most likely homologs due to the
measurements falling within the 95th percentile of being a match to their respective individual.
The objectivity in numbers and reduced reliance on professional experience separates this
method from the other traditional methods explored in this chapter.
Joint Articulation
Joint articulation involves the evaluation of joint areas for congruence between adjacent
articular surfaces (Finlayson et al. 2017). Examples of joint surfaces that can be reliably
articulated include vertebrae, cervical spine and cranium, mandible and mandibular fossae, as
well as common joint areas like the elbow, pelvic and knee regions (Finlayson et al. 2017). In
Finlayson and colleagues’ case study of two individuals from northern California, they
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successfully re-associated several sections of the vertebral column, both os coxae, rib fragments
and thoracic vertebrae, C1 and the cranium, and finally the mandible and cranium could all be reassociated through joint articulation. However, the sample size of this case study was two
individuals and the difficulty of completing joint articulation rises as more individuals and their
skeletal elements are introduced. Similar to visual pair-matching, joint articulation relies on the
knowledge and experience of the examiner to accept or reject the association of each
rearticulated joint surface.
Visual Pair-matching
Visual pair-matching compares morphologic similarities between corresponding right and
left skeletal elements to confirm the paired elements belong to the same individual and relies
solely on the experience, expertise, proficiency, and competency of the forensic anthropologist
(Vickers et al. 2015). A weakness with the pair-matching technique when used in isolation is the
lack of a statistical framework for accuracy as well as being more vulnerable to misidentification
of pairs when the bones are fragmented (Adams and Byrd 2008a). Adams (1996) examined
remains from the Larson Cemetery, a cemetery associated with the Larson Village and consists
of 621 primary interments of individuals who were massacred around the year A.D. 1700.
Adams applied pair-matching for reassociation of commingled elements. Furthermore, the
sample from the cemetery was used to test the reliability of pair matches from the commingled
individuals found within the lodge floors of the Larson Village (Adams 1996). Adams results
suggest that errors in pair-matching are more likely to occur from overlooking true pairs, as
opposed to the pairing of unrelated elements. Adams ranked the elements that were utilized in his
study from most easily paired to the most difficult: os coxae, femora, tibiae, and humeri (Adams
1996). This ranking system relies on the obvious differences in length, robusticity, and overall
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distinct morphology of each skeletal element. Visual pair-matching can prove more successful in
studies where there is a smaller sample size, similar to Finlayson and colleagues’ (2017) study,
but will become increasingly unreliable as more skeletal elements are introduced.
Process of Elimination
Process of elimination utilizes the duplication of bones or additional bones on either the
right or left side to indicate another individual is present. This procedure is also the most
beneficial method to use after visual pair matching and articulation techniques have been applied
to establish the minimum number of individuals (MNI) (L’Abbe 2005). Process of elimination
should only be applied after other methods have been completed to ensure all skeletal elements
have been accounted for and are represented in the sample. In L’Abbe’s (2005) case study of ten
individuals and the associated skeletal elements, the low percentage of positive osteological
matches is due to the inability to exclusively assign ribs and vertebrae to a particular person.
Four distinct vertebral columns were articulated and by process of elimination could have
belonged to six other skeletons. Using the traditional methods of sorting commingled remains
(process of elimination), “from the total number of bones present (n=378), only 41.1% (or 155
bones) could be directly assigned to a person” (L’Abbe 2005: 203). Similar to the other
traditional methods of sorting commingled remains that have been explored thus far, process of
elimination is mostly applicable in cases of small-scale commingling (Nikita et al. 2019).
Taphonomy
Using taphonomic characteristics to sort commingled remains refers to comparing
patterning similarities and differences in preservation (e.g., color and staining). Caution should
be taken when considering taphonomic factors as very individualizing features as well as drastic
taphonomic differences can present on the remains of the same individual (SWGANTH 2013).
7

Examples of taphonomic changes that alter skeletal elements include scavenger activity, sunbleaching, root-etching, discoloration, and copper staining. Finlayson and colleagues (2017)
utilized taphonomy to assist in reassociation of long bones from two individuals and found the
taphonomic patterns, including carnivore damage and postmortem staining, were similar between
adjacent bones, such as the tibiae, fibulae, and femora. The use of taphonomy allowed the
researchers to see these patterns and suggest that all left-side elements were from the same
individual, and all the right-side elements were from the same individual (Finlayson et al. 2017).
In each of these traditional methods of sorting commingled remains, there are limitations.
For some methods there is no statistical framework to base conclusions on and most importantly,
the smaller skeletal elements (ribs, hands, and feet) still cannot be re-associated to their
respective individual. The ability to conduct pXRF analyses on commingled human remains has
the potential for more complete and accurate skeletal element re-association.
Portable X-Ray Fluorescence (pXRF)
This study focuses on the use and application of X-ray fluorescence (XRF) spectrometry.
XRF spectrometry is a nondestructive method of elemental analysis that uses primary X-rays to
bombard the surface of a sample with radiation (Perrone et al. 2014). The data from an XRF
device is collected by emitting an X-ray beam with high enough energy to displace the electrons
from the atoms of the sample. The displaced electrons send X-ray fluorescent energies back to
the XRF device for calculation of the individual chemical elements present in the sample
(Perrone et al. 2014). The pXRF is a non-destructive chemical elemental analysis technique for
quantification of nearly any element on the periodic table (Christensen et al. 2011). An essential
feature of the pXRF device is the ability to scan materials in the field without having to transport
the items to a lab for analysis. The entire process takes place in a matter of seconds to a few
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minutes, depending on the specific analysis. There are two types of instruments for XRF
analyses: portable XRF (pXRF) and a larger, stationary XRF machine. The main advantage of
the pXRF compared to the XRF is the ability for the portable instrument to be transported into
the field or to museums for analyses of materials in non-traditional laboratory environments
(Craig 2007), though they offer very similar results. For example, Craig and colleagues’ (2007)
tested the pXRF and XRF devices on the same archaeological obsidian assemblage from
southern Peru and both devices determined the 66 artifacts derived from the same obsidian
source.
Integrated Application of pXRF in Anthropology
Portable X-ray fluorescence was originally intended for food analysis, metal analysis,
scrap sorting, mining exploration, environmental and soil screening, and detection of restricted
materials in consumer products (Lemière 2018). Anthropologists, however, expanded the
applicability of this device to answer questions about species identification and lithic source
analysis. Initial pXRF applications in anthropology focused on analysis of non-osseous material
and artifacts to detect object origin (Craig et al. 2007), progressed to scanning of metal in teeth
(Martin 2007a and Martin 2007b), analyses of species identification of animal bone
(Nganvongpanit 2016), differentiating between animal and human bone (Nganvongpanit 2016),
and is now applied as a means of sorting commingled human remains. In archaeological studies,
the pXRF has widespread applications, including use for lithic source analysis, identifying
elemental distributions in sediment that can be related to past site activities, and distinguishing
between metal alloys in manufactured items. Lynch (2018) examined obsidian resource use from
Rebun Island, Japan, to demonstrate that archaeological obsidian variation is closely associated
with patterns of culture change and Asinelli and Torres (2016) explored the sociocultural
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implications of metal consumption of copper-alloys in the Tyrrhenian town of Leopoli-Cencelle
during the Middle Ages.
Nganvonpanit et al. (2016) tested whether the pXRF could differentiate skeletal elements
from dogs, humans, elephants, and dolphins. They determined that the distinctive chemical
elemental profiles of these species supported application of the pXRF to seperate the bones based
on the chemical elements discovered in each species. Christensen and colleagues (2011) used
XRF to determine human from non-human bone and bone from other non-osseous materials (e.g.
rocks, wood, plastic, etc.) even when bone was thermally, chemically, or taphonomically altered.
These altered conditions included various degrees of burning (e.g., charred and calcined),
weathering (e.g., bleached and exfoliated), antiquity (up to 9000 years old), and exposure to
destructive chemicals. Christensen et al. (2011) found that bone could accurately be identified as
human or non-human by the calcium and phosphorus levels detected by the XRF. Although
Christensen and colleagues successfully utilized the XRF to distinguish, Craig and colleagues’
(2007) earlier study found no differences in the results of both the XRF and pXRF devices when
examining archaeological obsidian from southern Perú, indicating the pXRF can be applied to
studies of human bone. These studies support the ability of the pXRF device to differentiate
between human and non-human bone, even in various altered conditions.
The pXRF provides valuable chemical elemental information from biological samples
such as human skeletal elements. However, to account for possible intra-individual variation,
multiple pXRF scans should be taken of several skeletal elements of an individual. Previous
genetic studies provide important cautions about significant internal variability. Mundorff and
Davoren (2014) tested the intra- and inter-individual variation of DNA yield from 3 individuals
from phase 1 and 12 individuals from phase 2 of their project. The individuals decomposed in
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the same geographic location, were subjected to similar environmental conditions, and shared the
same ancestry, and postmortem interval (PMI). Despite the similar environmental conditions and
PMI, Mundorff and Davoren found variability of DNA between skeletal elements of the same
individual. These results support the necessity to scan elements representative of the entire
skeleton to account for intra-individual variation.
Perrone et al. (2014) scanned 10 bones and one tooth from 20 individuals, to ascertain
whether pXRF could segregate skeletal elements to discrete individuals. For the specific pXRF
device used (Bruker Tracer IV Series pXRF), seven chemical elements that were detected and
further analyzed to re-associate the skeletal elements to each individual (Perrone et al. 2014).
These chemical elements included silicon (Si), phosphorus (P), potassium (K), calcium (Ca),
manganese (Mn), iron (Fe), and cobalt (Co). Perrone and colleagues found the greatest percent of
commingled remains were resolved solely using Mn (35.3%). They also found that Ca had the
greatest elemental composition amount as well as the largest standard deviation. Ca ranked
fourth (27.4%) of seven elements (Si, Mn, K, Ca, Co, P, and Fe) for resolving commingling
cases.
Finlayson and colleagues (2017) applied the same pXRF model as the study above
(Bruker Tracer IV Series pXRF) to re-solve a commingled case comprised of two individuals
recovered in northern California. The pXRF was applied on skeletal elements that were not able
to be re-associated by traditional methods of sorting i.e., osteometric sorting or joint articulation.
They found that the pXRF aided in assigning skeletal elements to each individual that could not
be sorted by other means (Finlayson et al. 2017). Finlayson and colleagues focused on the seven
chemical elements identified by Perrone et al. (2014) to determine which would be best to
resolve commingling. In both studies, confidence intervals were calculated for the chemical
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elements to show the greatest discrimination between individuals (i.e., having the greatest chance
of detecting commingling based on the smallest degree of overlap in 95% confidence intervals)
(Finlayson et al. 2017). In this case, phosphorus expressed the highest potential for resolving
commingling by exhibiting the smallest amount of overlap between the two individuals. The
results from Perrone et al. (2014) indicate that individuals can be accurately segregated only if
their 95% confidence intervals for a single chemical element do not overlap with that of other
individuals. According to Perrone and colleagues’ (2014) study, the pXRF method to sort
commingled human remains should not be used to associate remains with overlapping
confidence intervals.
Research Questions
Different pXRF models and devices may detect chemical elements that other devices
cannot due to the strength of the X-ray fluorescence created by the device itself. The Niton XL3t
950 GOLDD+ 50kV Analyzer, Thermo Scientific pXRF device is used in this study allowing a
comparison of the chemical elements found using the Bruker Tracer IV Series and the Niton
XL3t. It is important to know the capabilities for each pXRF device and how that could affect
which chemical elements are found in bone. Comparison of the results from previous studies and
this study provides data on the capabilities of each pXRF device and how the specific device
used may affect which chemical elements are found in bone. In addition, Perrone and colleagues
(2014) only scanned 10 bones and one tooth (first molar, mandible, fourth rib, lumbar vertebra,
humerus, ulna, radius, femur, tibia, fibula, and metacarpal shaft) while this current study scanned
21 bones (multiple times each) including the smaller elements of the wrists, hands, and feet. This
will provide data on the elements that are typically not able to be associated in situations of
commingled human remains. Perrone and colleagues (2014) suggest remains that have been
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buried or exposed on the surface for long periods of time may have incorporated elements
through chemical exchange with the surrounding soil and groundwater, but their study did not
test this theory. Therefore, this current study controlled for decomposition environment by
choosing donors that decomposed on the surface as well as donors that decomposed inside a
burial at ARF during the summer months of July-August. In addition, the differences in
elemental data between males and females have not been previously tested. In this study, the
same number of males and females were scanned and their pXRF results compared to each other
to ascertain if there are observable differences of chemical elemental composition between the
biological sexes.
Sorting commingled human remains is a complex task for anthropologists. Previous
methods utilizing the pXRF capabilities mainly have focused on the identification of bone
compared to other non-osseous or non-human material. This research will attempt to answer the
following questions:
1. Do skeletal elements of the same individual have similar chemical elemental profiles?
For this, I compared the quantity of chemical elements of 21 bones within each individual. I
hypothesize that the same chemical elements will be detected in each individual, but the amounts
will vary per skeletal element.
2. Do skeletal elements from different individuals have distinctive chemical elemental
profiles? For this, the chemical elemental profiles of the 21 bones from 20 individuals are
compared. I hypothesize that individuals do have distinctive chemical profiles although some
skeletal and chemical elements may be more discernable than others.
3. Are signatures of buried remains similar to the chemical signatures of surface remains?
I compare the chemical elemental profiles of 20 individuals that decomposed on the surface and
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20 individuals that decomposed in a burial. I hypothesize that buried bones will exhibit different
chemical elemental profiles than bones that decomposed on the surface.
4. Are there chemical elemental profile differences between males and females? I
compare the chemical elemental profiles of 10 males and 10 females that decomposed on the
surface at ARF. I hypothesize that males and females will not have chemical elemental profiles
that are statistically different from one another.
Knowing which chemical elements consistently yield useful results in pXRF scans of
human bone can help enhance the re-association of commingled human remains. The advantages
associated with the pXRF being mobile, inexpensive, and efficient to use, makes this device a
very helpful and immediate asset to anthropologists.
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CHAPTER THREE
MATERIALS AND METHODS
Materials
In this study, pXRF data were collected from 40 donors from the William M. Bass
Donated Skeletal Collection, located at the University of Tennessee, Knoxville (UTK).
Individuals who are interested in donating their body to the Forensic Anthropology Center
(FAC) for scientific research complete donor paperwork and, upon death, are transported to the
FAC. Prior to the skeletons being curated in the Bass Collection, individuals are placed outside
at the Anthropology Research Facility (ARF), to go through the natural processes of
decomposition. Once the remains are skeletonized, approximately 1-2 years after placement at
the ARF, the skeletal remains are recovered, cleaned, and inventoried. The cleaning process
includes rinsing (with a soft brush and water) any remaining tissue and dirt from the bones so the
remains can be curated in the Bass Collection for use by future researchers. This current study
focused on 40 individuals from the Bass Collection, 20 of which decomposed on the ground
surface of ARF from the fresh stage of decomposition to skeletonization. The remaining 20
individuals decomposed in a burial at ARF from the fresh stage of decomposition to
skeletonization. Of each 20 surface and 20 buried individuals, 10 are male and 10 are female,
making half of the total sample male and half female.
In order to control for possible effects of seasonal variation on decomposition of skeletal
remains, as well as the possible effect of outdoor exposure on chemical elemental data, the
surface donors chosen for this study were ones that decomposed during the summer months
(July-August) from the fresh stage of decomposition to full skeletonization. The buried donors
chosen for this study were ones that decomposed in a burial from fresh stage of decomposition to
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full skeletonization for at least a year. The skeletal samples consist of 21 bones from each
individual (skull, mandible, clavicle, cervical vertebra, thoracic vertebra, lumbar vertebra, first
rib, humerus, radius, ulna, hamate, metacarpal one, proximal hand phalanx, sacrum, os coxa,
femur, tibia, fibula, calcaneus, metatarsal one, and a proximal foot phalanx). The 21 bones were
selected to represent regions from the entire human body, especially bones that are difficult to reassociate using traditional methods of sorting such as ribs, hands, and feet. For paired elements,
the left side was scanned unless the bone was missing. In those cases, the right element was
scanned.
Methods
A pXRF (Niton XL3t 950 GOLDD+ 50kV Analyzer, Thermo Scientific) was used to
scan the skeletal elements of the 40 individuals (Figure 3.1). Each skeletal element was placed in
the pXRF lead-lined bench top scanning stand for analysis. This stand is designed for the safety
and control of radiation the researcher may be exposed to during scanning (Figure 3.2).
Each bone was scanned three times on the flattest anatomical location (see Table 3.1) to
ensure the pXRF detector could maintain contact on all areas of the location while scanning.
Each bone was scanned three times in the exact same spot to ensure proper functioning of the
pXRF between the scans of one location within an individual. The flattest portion was scanned to
eliminate gaps between the detector of the pXRF and the sample that could cause flawed
readings. The midshaft of long bones was scanned and the most accessible location (not
including articular surfaces) was selected for irregular bones. The numbering method for each
skeletal element and scanning location for each bone is presented in table 3.1. In total, 21 bones
per individual were scanned three times totaling 63 scans per individual. A total of 2,520 scans
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for the 40 individuals was necessary for this study. At an estimated 120 seconds per scan, the
overall scanning time was approximately 84 hours.
Each individual was scanned in their entirety before moving to the next individual. To
anonymize the individual, a naming system was created for each scan from all 40 skeletons and
entered into a Microsoft Excel spreadsheet for analysis. The 40 donors used in this study were
each given a number (1-40) to anonymize their University of Tennessee FAC identification
number. Table 3.2 shows an example of the naming system from the data.
Since the same skeletal elements were scanned for every individual, each scan location
was the same for every bone to ensure replicability. If bones that were selected for this study
were missing in an individual, the right sided element replaced the missing bone. The resulting
data was exported into an Excel spreadsheet for further data processing.
Data Processing
The pXRF produces a numerical value for each chemical element identified within the
sample. The Niton pXRF used in this study only detected five chemical elements that were above
the limit of detection (LOD) for each sample scanned; Calcium (Ca), Iron (Fe), Potassium (K),
Manganese (Mn), and Sulfur (S). It is possible that a different or stronger device may be able to
detect other chemical elements in these samples; the results presented here are specific to the
pXRF device used in this study. Therefore, the output from the pXRF are multiple numerical
values that indicate how much of a chemical element is in the sample.
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Figure 3.1: Niton XL3t 950 GOLDD+ 50kV Analyzer from
https://www.jwjndt.com/product/niton-xl5-handheld-xrf-analyzer/

Figure 3.2: pXRF lead-lined bench top scanning stand from
https://portables.thermoscientific.com/sp_niton%20xl5%20plus
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Table 3.1: Numbering method for each skeletal element and location of each bone scanned.
BONE

NUMBER

LOCATION

CRANIUM

1

Temporal

MANDIBLE

2

Gonial Angle

CLAVICLE

3

Midshaft

CERVICAL VERTEBRA

4

Superior Anterior Body

THORACIC VERTEBRA

5

Superior Anterior Body

LUMBAR VERTEBRA

6

Superior Anterior Body

FIRST RIB

7

Angle

HUMERUS

8

Midshaft

RADIUS

9

Midshaft

ULNA

10

Midshaft

HAMATE

11

Non-articular Inferior
Body

METACARPAL ONE

12

Midshaft

PROXIMAL HAND PHALANX

13

Midshaft

SACRUM

14

Promontory

OS COXA

15

PIIS

FEMUR

16

Midshaft

TIBIA

17

Midshaft

FIBULA

18

Midshaft

CALCANEUS

19

Plantar Midpoint

METATARSAL ONE

20

Midshaft

PROXIMAL FOOT PHALANX

21

Midshaft
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Table 3.2: Donor/Bone Numbering System
INDIVIDUAL

SKELETAL ELEMENT

EXAMPLE

6

HUMERUS

6.8
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Initial Data Processing
A one-way analysis of variance (ANOVA) test was applied to determine if there were
any statistical differences between the three scans of each bone. ANOVA is used specifically for
calculating statistical differences among the means of two or more groups. No significant
differences were found between each set of scans of all 840 bones. As a result, the numerical
values of each scan were averaged. The averages of each set of scans for all skeletal elements
were used going forward in the data processing procedure. Prior to answering the research
questions, assessing for normality of residuals was necessary to ensure the data are distributed
normally and the subsequent statistical methods can be applied. Scan data were assessed for
normality of residuals and equal variance using the GLIMMIX univariate procedure in SAS v
9.4 (SAS Institute Inc. 2013). Once normality of residuals and equal variance of the scan data for
each donor was confirmed, data analysis proceeded to answer the research questions.
Research question 1: Do all skeletal elements within the same individual have similar
chemical elemental profiles?
Research question 2: Do skeletal elements from different individuals have distinctive
chemical elemental profiles?
To answer these research questions, only the 20 surface donors were analyzed. Burial
donors were not included in these analyses to reduce the number of extrinsic variables possibly
affecting the chemical composition. To answer research question 1, the chemical elemental data
for each donor was entered in SPSS v. 27 (IBM Corp). In order to visually depict the mean
differences of each chemical element among the bones, a simple boxplot was applied.
To answer research question 2, five simple boxplots divided by chemical elements were
created in SPSS v. 27. All five graphs show the chemical elemental composition of all 20 surface
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donors for each chemical element detected by the pXRF (Ca, Fe, K, Mn, S). The simple boxplot
was applied to visually represent any overlapping chemical elemental composition between the
surface donors.
Research question 3: Are signatures of buried remains similar to the chemical
signatures of surface remains?
To answer question 3, the mixed model analysis of variance (using the GLIMMIX
procedure in SAS) was applied. The statistical model gave the means of the chemical
composition for each bone for all donors separated by burial and surface. Each chemical element
was sliced by bone type to determine the effect that decomposition site had within a given bone
type. Slicing is used in a statistical model that consist entirely of classification variables (i.e.,
donor, bone, burial type) (SAS Institute Inc. 2013). For example, Fe values for all 20 surface
hamates were averaged as well as all 20 buried hamates. A Fisher Least Significant Difference
(LSD) was included in the analysis to answer question 3 to determine if there were statistical
differences between each buried versus surface comparison. The LSD method is used to compare
means from multiple processes. This is helpful because the statistical model used to answer
question 3 is comparing means of each chemical element, for every bone, for both surface and
burial donors. These comparisons will indicate if there are any differences occurring between
donors that decomposed in a burial and donors that decomposed on the surface.

Letter groupings in the GLIMMIX procedure in SAS are assigned to each donor for all
five chemical elements that are being compared. Individuals with different letters represent
statistical differences. For example, if individual 10 and 12 share the letter A for chemical
element Iron (Fe) and bone #3, they are not considered statistically different. The letters are a
way to see which skeletal elements differed for the burial and surface comparison. If they do not
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share a letter, their chemical elemental profile is statistically different. Statistical significance
was set at alpha=0.05. This information is used to compare statistical differences of chemical
elements that are found in different bones of the skeleton with each donor. If the letter groups
differed, the donors differed with respect to the chemical element being analyzed.

Research question 4: Are there differences between males and females?
To answer question 4, I compared the chemical elemental profiles of 10 males and 10
females that decomposed on the surface at ARF. The chemical elemental data for each donor was
entered in SPSS v. 27 (IBM Corp.) and separated by biological sex. In order to visually depict
the mean differences of each chemical element among the sexes, a clustered boxplot was applied.
The clustered boxplot was selected due to the ability to differentiate between males and females
by color. Statistical significance was set at alpha=0.05 for both intra and inter-individual
analyses for each research question.
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CHAPTER FOUR
RESULTS
The main goal of this study was to determine if the pXRF can be used to sort
commingled skeletal remains. To confirm if the pXRF is applicable in situations where human
skeletal remains are mixed together, there are 4 questions that are explored further in this project.
Five chemical elements were detected above the limit of detection in every skeletal element
scanned with the Niton pXRF (Ca, Fe, K, Mn, S). These five elements were further explored
within each individual as well as between individuals. Table 4.1 illustrates the calcium average
for each surface donor. Table 4.2 illustrates the calcium average for all 21 bones scanned for a
single individual. All 20 surface donors have a table that displays these data for all 5 chemical
elements.
Research question 1: Do all skeletal elements within the same individual have similar
chemical elemental profiles?
Every surface donor has a boxplot for all 5 chemical elements detected by the pXRF to
visually represent what the elemental concentrations are expressing per bone of each individual
donor. Tables 4.3-4.7 display the outliers by chemical element for all 20 donors as illustrated by
the boxplots. Donor one has two bone outliers, which are bone numbers 11 and 14. These
outliers indicate that the specific skeletal elements (hamate and sacrum) are at least 1.5 times the
interquartile range below the lower quartile representing them as outliers.
Figure 4.1 shows the elemental concentration of calcium for all 21 bones of one donor.
There are 5 boxplots for each donor, one for each chemical element, for a total of 100 boxplots
for question 1. In addition to having boxplots for each donor for each bone, there are also
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boxplots for each chemical element. Figure 4.2 shows the elemental concentration of Calcium
for every donor in the form of a boxplot.
Table 4.8 shows specific skeletal elements and how many times they appeared as outliers
across all donors and chemical elements. The skeletal elements that were presented most as
outliers include the cervical vertebra, thoracic vertebra, lumbar vertebra, hamate, metacarpal one,
sacrum, and calcaneus. For all five chemical elements that were detected, these bones were
identified as outliers at least five times across the 20 surface donors. The sacrum presented the
most as an outlier showing up 14 times. The hamate, cervical and thoracic vertebrae all presented
as outliers 12 times. Metacarpal one and lumbar vertebra presented the third most with seven
outliers followed by the calcaneus with five appearances as outliers.
Table 4.9 shows the skeletal elements that appeared most as outliers for chemical
elements Ca, Mn, and S. The chemical elemental analysis of calcium alone had two skeletal
elements that presented as outliers at least five times. The hamate and sacrum were outliers for
calcium seven times each across 20 surface donors. Metacarpal one was an outlier for manganese
five times across 20 surface donors. Finally, for sulfur, the cervical vertebra and thoracic
vertebra were outliers five times each across 20 surface donors. Donor two is the only individual
that did not exhibit any outliers across all chemical elements.
Research question 2: Do skeletal elements from different individuals have distinctive chemical
elemental profiles?
The simple boxplot for this analysis demonstrates 6 different categories for each
donor based on the numerical value of the chemical element being analyzed.
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Table 4.1: Ca means for all 20 Donors
Donor

Mean

1

21.1253

2

21.6267

3

20.9044

4

21.5150

5

22.1103

6

21.7663

7

22.2570

8

19.7013

9

20.9431

10

23.3446

11

21.9787

12

20.9201

13

22.2336

14

20.6804

15

22.6222

16

21.0532

17

21.2172

18

22.8837

19

21.0679

20

21.2133
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Table 4.2: Ca means of each bone for donor 1
Donor

Bone

Mean

1

1

24.2294

1

2

23.5339

1

3

21.5644

1

4

21.8524

1

5

23.5999

1

6

22.6798

1

7

20.9244

1

8

22.5566

1

9

22.3080

1

10

22.4889

1

11

11.5986

1

12

19.7764

1

13

17.8315

1

14

15.8595

1

15

22.4448

1

16

23.0841

1

17

24.0281

1

18

24.1823

1

19

17.8610

1

20

20.6703

1

21

20.5564
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Table 4.3: Skeletal element outliers for Ca by Donor
Donor

Ca
Outlier
1 Hamate, Sacrum
2 None
3 Hamate, Sacrum, Os Coxa
4 Clavicle, Proximal Foot Phalanx
5 None
6 Sacrum
7 First rib, Sacrum
8 None
9 None
10 Temporal, Cervical Vert
11 Hamate
12 None
13 Lumbar Vert, Hamate, Metacarpal 1
14 None
15 Lumbar Vert, Hamate, Proximal Hand Phalanx, Sacrum
16 None
17 Thoracic Vert, Sacrum
18 None
19 Hamate
20 Hamate, Sacrum

Table 4.4: Skeletal element outliers for fe by Donor
Donor

Fe
Outlier
1 Cervical Vert
2 None
3 None
4 None
5 None
6 Calcaneus
7 Lumbar Vert
8 None
9 None
10 Calcaneus
11 Fibula
12 Thoracic Vert
13 None
14 Cervical Vert
15 None
16 Ulna, Hamate, Metacarpal 1
17 None
18 Radius
19 Tibia
20 None
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Table 4.5: Skeletal element outliers for K by Donor
Donor

K
Outlier
1 None
2 None
3 None
4 Ulna, Tibia
5 Cervical Vert
6 Thoracic Vert
7 Temporal, Calcaneus
8 Sacrum
9 Proximal Foot Phalanx
10 None
11 None
12 Thoracic Vert
13 None
14 None
15 None
16 Hamate
17 Hamate
18 Cervical Vert, First Rib
19 Tibia
20 None

Table 4.6: Skeletal element outliers for S by Donor
Donor

S
Outlier
1 Thoracic Vert
2 None
3 Cervical Vert
4 None
5 Cervical Vert, Thoracic Vert, Sacrum
6 Proximal Foot Phalanx
7 Lumbar Vert, Hamate
8 None
9 None
10 Sacrum
11 Thoracic Vert, Lumbar Vert
12 None
13 None
14 Thoracic Vert
15 None
16 Cervical Vert, Thoracic Vert, Lumbar Vert, Sacrum
17 Sacrum
18 Temporal, Clavicle, Thoracic Vert, Lumbar Vert, Radius, Fibula
19 Cervical Vert
20 Cervical Vert, Sacrum
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Table 4.7: Skeletal element outliers for Mn by Donor
Donor

Mn
Outlier
1 Cervical Vert, Thoracic Vert, Tibia, Fibula
2 None
3 Cervical Vert, Metacarpal 1
4 None
5 Mandible, Thoracic Vert, Proximal Hand Phalanx, Sacrum, Os Coxa, Femur, Fibula
6 Calcaneus
7 Metacarpal 1
8 None
9 None
10 Calcaneus
11 Metacarpal 1
12 None
13 Metacarpal 1, Proximal Hand Phalanx
14 None
15 Metacarpal 1
16 Hamate
17 Clavicle
18 None
19 None
20 None

Table 4.8: Bones as outliers for surface Donors

Bone
Sacrum
Cervical Vertebra
Thoracic Vertebra
Hamate
Lumbar Vertebra
Metacarpal One
Calcaneus

# of Outliers
14
12
12
12
7
7
5
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Table 4.9: Outliers for specific chemical elements of surface Donors
Bone
Hamate
Sacrum

Ca
# of Outliers
7
7

Mn
Bone
# of Outliers
Metacarpal One
5

S
Bone
# of Outliers
Cervical Vertebra
5
Thoracic Vertebra
5

Figure 4.1: Chemical elemental composition of calcium of each bone for Donor 1
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Those 6 categories include the median value, the first quartile, the third quartile, the maximum
and minimum values, and the outliers. The boxplot is made up of the average values of all bones
(separated by Ca, Fe, K, Mn, and S) for each individual. The boxplots demonstrate the means of
the elemental concentrations per bone as well as any outliers. To be considered an outlier, the
skeletal element is located 1.5 times the interquartile range of the means for a chemical element
above the upper quartile and below the lower quartile (Q1 – 1.5 x IQR or Q3 + 1.5 x IQR). The
upper and lower quartiles are the top and bottom of each of the blue boxes as indicated by figure
4.2.
Research question 3: Are signatures of buried remains similar to the chemical signatures of
surface remains?
Each chemical element has a table that displays the overall mean differences for all
skeletal elements combined between burial and surface donors. Table 4.15, for example, shows
the average of all bones for both burial and surface donors for chemical element Ca. The
remaining 21 tables for chemical element Ca will represent the comparison between each
individual skeletal element for all burial and surface donors (Table 4.16). These results were
applied to examine if certain chemical elements are showing up more or less within an individual
that was buried compared to skeletal remains that decomposed on the surface.
Table 4.17 demonstrates which chemical element had the most instances of statistical
differences between surface and burial individuals. Calcium showed higher chemical elemental
concentrations in burial donors for 14 out of the 21 bones selected for scanning.
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Figure 4.2: Ca by Donor

Table 4.10: Donor Outliers for Ca
Donor
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Ca
Number in Figure Outlier
11, 14 Hamate, Sacrum
None
53, 56, 57 Hamate, Sacrum, Os Coxa
66, 84 Clavicle, Proximal Foot Phalanx
None
119 Sacrum
133, 140 First rib, Sacrum
None
None
190, 193 Temporal, Cervical Vert
221 Hamate
None
258, 263, 264 Lumbar Vert, Hamate, Metacarpal 1
None
300, 305, 307, 308 Lumbar Vert, Hamate, Proximal Hand Phalanx, Sacrum
None
341, 350 Thoracic Vert, Sacrum
None
389 Hamate
410, 413 Hamate, Sacrum
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Figure 4.3: Fe by Donor

Table 4.11: Donor Outliers for Fe
Donor

Fe
Number in Figure Outlier
1
4 Cervical Vert
2
None
3
None
4
None
5
None
6
124 Calcaneus
7
132 Lumbar Vert
8
None
9
None
10
208 Calcaneus
11
228 Fibula
12
236 Thoracic Vert
13
None
14
277 Cervical Vert
15
None
16
325, 326, 327 Ulna, Hamate, Metacarpal 1
17
None
18
366 Radius
19
395 Tibia
20
None
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Figure 4.4: K by Donor

Table 4.12: Donor Outliers for K
Donor
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

K
Number in Figure Outlier
None
None
None
73, 80 Ulna, Tibia
88 Cervical Vert
110 Thoracic Vert
127, 145 Temporal, Calcaneus
161 Sacrum
188 Proximal Foot Phalanx
None
None
236 Thoracic Vert
None
None
None
326 Hamate
347 Hamate
361, 364 Cervical Vert, First Rib
395 Tibia
None
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Figure 4.5: Mn by Donor

Table 4.13: Donor Outliers for Mn
Donor
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Mn
Number in Figure Outlier
4, 5, 17, 18 Cervical Vert, Thoracic Vert, Tibia, Fibula
None
46, 54 Cervical Vert, Metacarpal 1
None
86, 89, 97, 98, 99, 100, 102 Mandible, Thoracic Vert, Proximal Hand Phalanx, Sacrum, Os Coxa, Femur, Fibula
124 Calcaneus
138 Metacarpal 1
None
None
208 Calcaneus
222 Metacarpal 1
None
264, 265 Metacarpal 1, Proximal Hand Phalanx
None
306 Metacarpal 1
326 Hamate
339 Clavicle
None
None
None
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Figure 4.6: S by Donor

Table 4.14: Donor Outliers for S
S
Donor
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Number in Figure Outlier
5 Thoracic Vert
None
46 Cervical Vert
None
88, 89, 98 Cervical Vert, Thoracic Vert, Sacrum
126 Proximal Foot Phalanx
132, 137 Lumbar Vert, Hamate
None
None
203 Sacrum
215, 216 Thoracic Vert, Lumbar Vert
None
None
278 Thoracic Vert
None
319, 320, 321, 329 Cervical Vert, Thoracic Vert, Lumbar Vert, Sacrum
350 Sacrum
358, 360, 362, 363, 366, 375 Temporal, Clavicle, Thoracic Vert, Lumbar Vert, Radius, Fibula
382 Cervical Vert
403, 413 Cervical Vert, Sacrum
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There were nine instances where there was a statistical difference between the comparison of
bones for calcium. Iron revealed a higher chemical elemental concentration in burial donors for
19 out of 21 bones. There were four instances where there was a statistical difference between
the comparison of bones for Iron. Potassium revealed a higher chemical elemental concentration
for all 21 bones for individuals that decomposed on the surface. There were 15 instances where
there was a statistical difference between the comparison of bones for Potassium. Manganese
revealed a higher chemical elemental concentration in surface donors for 13 out of 21 bones.
There were five instances where there was a statistical difference between the comparison of
bones for Manganese. Lastly, Sulfur revealed a higher chemical elemental concentration for all
21 bones for individuals who decomposed in a burial. There were seven instances where there
was a statistical difference between the comparison of bones for Sulfur.

Research question 4: Are there differences between males and females?
To answer question four, there are five different clustered boxplot graphs (figures 4.74.11) that visually represent the chemical elemental profile difference between males and
females for all five chemical elements. Each chemical element displays the same result
consistent with no visible differences between the biological sexes. Unlike the surface versus
buried comparison where, depending on the chemical element, values were always higher or
lower in surface donors or burial donors, there are no identifiable differences between males and
females.
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Table 4.15: Burial vs Surface (Ca)
Type
Burial
Surface

Mean
22.1039
21.5659

Letter Group
A
A

Table 4.16: Burial vs Surface (Ca) Bone 1
Type
Burial
Surface

Bone
1
1

Mean
24.2307
24.2154

Letter Group
A
A

Table 4.17: Number of Statistical Differences Between Bones

Surface vs Burial
Chemical Element # of Statistical Differences
Potassium
15
Calcium
9
Sulfur
7
Manganese
5
Iron
4
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Figure 4.7: Ca by Sex

Figure 4.8: Fe by Sex
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Figure 4.9: K by Sex

Figure 4.10: Mn by Sex
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Figure 4.11: S by Sex
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CHAPTER FIVE
DISCUSSION
This study assessed the accuracy and reliability of using the pXRF to
individualize commingled human remains. There were four main hypotheses for this study.
Hypothesis 1 states that the same chemical elements will be detected in each individual, but the
amounts will vary per skeletal element. Hypothesis 2 is that individuals have distinctive chemical
profiles although some skeletal and chemical elements may be more individualizing than others.
Hypothesis 3 is that bones that have been buried will exhibit different chemical elemental
profiles than bones that decomposed on the surface. Hypothesis 4 states that males and females
will not have chemical elemental profiles that are statistically different from one another. The
results of this study reveal new information regarding chemical elemental analysis as well as the
future use of the pXRF device to sort commingled skeletal elements.
Intra and Inter-individual Variation
The results from question 1 indicate that all bones within the same individual, and even
between individuals, express the same chemical elements identified by the Niton pXRF (Ca, Fe,
K, Mn, S). However, the amount of each chemical element varies between skeletal elements.
Chemical elemental concentration profiles may vary within an individual due to differences in
remodeling rates between bones (Perrone et al. 2014). The results for question 1 support the
statement made by Perrone and colleagues by showing differences in the amount of a chemical
element by bone. For example, table 4.2 shows the average of the temporal bone is
approximately 10 ppm more than the average of the sacrum in donor 1.
The hamate and sacrum exhibited the most variation in elemental composition for
calcium specifically. These skeletal elements were outliers seven times each for calcium
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analysis. The next closest skeletal element was the lumbar vertebra with two outlier appearances.
The skeletal elements of the arms (forearm, wrist, and hands) and vertebrae make-up
approximately 66% of the outliers recorded for Iron. Eight out of the 12 outliers for Iron come
from the torso/arm region (cervical vertebra-2, lumbar vertebra-1, thoracic vertebra-1, ulna-1,
hamate-1, metacarpal one-1, and radius-1 outlier). Metacarpal 1 was an outlier for manganese
five times. The vertebral column is responsible for 12 out the 20 outliers for sulfur (cervical-5,
thoracic-5, lumbar-4, and sacrum-3). Consistently, the smaller elements of the hands and feet
(hamate, MC1, and calcaneus) as well as the vertebral column (cervical, thoracic, lumbar, and
sacrum) are the most inconsistent skeletal elements for chemical elemental analysis. The results
indicate 69 out of the 96 total outliers belong to the hands and feet and vertebral column which is
71.9% of the outliers.
The skeletal elements of the hands, feet, and vertebrae are presenting as outliers more
than any other bones of the body from this study. The reason behind this observation could be
due to the differences in remodeling rates between the skeletal elements. Damage formed at the
microscopic level of bone (i.e., microdamage) occurs in response to skeletal loading (Dominguez
and Agnew 2019) and microdamage is a main contributing factor to bone remodeling rates (U.S.
Department of Health and Human Services 2004). Skeletal loading and repair of local damage
are driving forces to why certain bones remodel more often than other skeletal elements. Over
time recurrent minor stresses on the skeleton can create areas of defective bone and replacement
of that damaged bone by remodeling restores the bone strength (U.S. Department of Health and
Human Services 2004). Understanding how remodeling occurs helps explain why certain skeletal
elements are presenting as outliers in this study. The hands and vertebrae are located in areas of
the body that exhibit multiple different stresses in an individual’s everyday life. Almost all
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activities that occur throughout a day are controlled by the movement of the vertebral column,
wrist, and hands. Also, the vertebrae are weight bearing bones which indicates more daily stress
is applied to those skeletal elements. The common movement can cause microdamage to skeletal
elements in these regions allowing for remodeling to occur more often than bones from the torso
or skull for example.
Skeletal elements that are presenting mostly as outliers would be difficult to reassociate
to their respective individual by using the chemical element the bone is consistently showing an
outlier for. Table 5.1 shows each skeletal element and their recommended chemical element that
should be used for sorting based on the number of outliers the bones presented under each
chemical element. For example, the hamate is consistently an outlier for calcium but not for
potassium. This indicates that in order to reassociate the smaller bones of the hands, it should be
done by chemical elements other than calcium. This is true for bones of the vertebral column as
well. Sulfur should not be used to reassociate the cervical, thoracic, lumbar vertebrae, and
sacrum because those skeletal elements are responsible for 19 out of the 25 outliers for sulfur
alone.
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Table 5.1: Skeletal Elements and their Recommended Chemical Element(s) for Sorting
Skeletal

Recommended Chemical

Not Recommended

Element

Element for Sorting

Chemical Element for
Sorting

Skull

All

None

Mandible

All

None

Clavicle

All

None

Cervical

Calcium, Manganese, Iron,

Sulfur

Vertebra

Potassium

Thoracic

Calcium, Manganese, Iron,

Vertebra

Potassium

Lumbar

Calcium, Manganese, Iron,

Vertebra

Potassium

First Rib

All

None

Humerus

All

None

Radius

All

None

Ulna

All

None

Hamate

Manganese, Iron, Potassium,

Calcium

Sulfur

Sulfur

Sulfur
Metacarpal 1

Calcium, Iron, Potassium,

Manganese

Sulfur
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Table 5.1 continued: Skeletal Elements and their Recommended Chemical Element(s) for Sorting
Proximal Hand Phalanx

All

None

Sacrum

Iron, Potassium,
Manganese, Sulfur

Calcium

Os Coxa

All

None

Femur

All

None

Tibia

All

None

Fibula

All

None

Calcaneus

All

None

Metatarsal 1

All

None

Proximal Foot Phalanx

All

None
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Buried versus Surface
The results from question 3 reveal important information regarding chemical elemental
analysis from bones that decomposed on the surface compared to bones that decomposed in a
burial. The two main takeaways from this examination are that potassium revealed a higher
chemical elemental concentration for all 21 bones from individuals that decomposed on the
surface and sulfur revealed a higher chemical elemental concentration for all 21 bones from
individuals who decomposed in a burial. This indicates that there is a diagenic process or similar
event occurring in individuals that have different decomposition environments.
Biogenesis is changes to bone during life whereas diagenesis is changes that occur to
bone after death, especially with skeletal remains that have been buried. Many factors within a
burial can influence the microstructure of bone compared to changes skeletal elements endure on
the surface. Rasmussen and colleagues (2019) list ways that diagenesis can alter hydroxyapatite
through groundwater contact with bone surfaces or within the bone via canaliculi, Haversian and
Volksmann’s canals. There is also evidence that micro-bacterial attack can alter the inorganic
structure of bones (Rasmussen et al. 2019). Furthermore, results indicate from this study, there is
activity in the ground that takes away potassium levels in skeletal samples as well as activity that
adds sulfur levels when remains are buried over long periods of time.
Males and Females
The results from question 4 indicate no observable differences in the chemical elemental
composition between males and females. Figures 4.7-4.11 show the comparison of males and
females for all 5 chemical elements detected (Ca, Fe, K, Mn, and S). Comparing the results from
question 4 to the results from question 3, the buried versus surface individuals had instances
where there were observable differences in the chemical elemental composition for certain
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chemical elements and bones. For example, sulfur had a higher concentration in all buried
individuals’ skeletal elements and potassium had a higher concentration in all surface
individuals’ skeletal elements. Observing the results for question 4, there is not a difference that
can be detected for any chemical element. Both the males and females follow similar chemical
elemental compositions for each chemical element. For example, the males are not exhibiting a
higher or lower than average chemical element and the females are not exhibiting a higher or
lower than average for any chemical element for individuals that decomposed on the surface.
These results indicate the pXRF will not be able to assist in the differentiation of males
and females. There is not enough variation between the biological sexes to allow the pXRF to
suggest that a bone belongs to a male or female based on the chemical composition of the
elements detected. Reassociation using the pXRF will need to be focused on the chemical
elemental composition of skeletal elements using the appropriate chemical elements for sorting
of specific bones and not on the biological sex of each individual.
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CHAPTER SIX
CONCLUSION
Commingled human remains present a significant challenge to anthropological analyses.
The purpose of this study was to evaluate a non-destructive chemical elemental analysis
technique for reassociation to a single individual of smaller skeletal elements to enable
repatriation of complete individuals. This study utilizes a novel way to sort commingled remains
with technology that can be applied across all disciplines in anthropology and within different
contexts. This research is valuable as it provides biological anthropologists with new information
regarding chemical elemental composition of human skeletal remains as well as testing a device
that can help re-associate commingled human remains. This study had four goals. First, whether
skeletal elements within the same individual have similar chemical elemental profiles. Second,
whether skeletal elements from different individuals have distinctive chemical elemental
profiles. Third, whether chemical signatures of buried remains are comparable to the chemical
signatures of surface remains. Fourth, to assess if there are differences in chemical elemental
profiles between males and females.
There are limitations to this study that should be noted. First, these data are limited to the
Niton XL3t 950 GOLDD+ 50kV Analyzer, Thermo Scientific pXRF device. A stronger more
advanced pXRF device may be able to different chemical elements and amounts in the same
skeletal samples. Perrone and colleagues’ (2014) detected 15 elements in high enough
concentrations using a Bruker Tracer IV Series pXRF. To address these discrepancies, future
studies of pXRF analyses should include a comparison of devices and chemical elements
detected. Secondly, the donors chosen for this study and their decomposition processes are
specific to the conditions of the Anthropology Research Facility (ARF) in Knoxville, Tennessee.
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Future studies should compare the chemical elemental profiles of human skeletal remains that
decomposed in different climates and locations.
Solving instances with multiple commingled individuals is one of the most difficult and
tedious tasks for forensic anthropologists, especially when remains are fragmentary. This study
was designed to test a new application of the pXRF to assist with sorting commingled human
remains. The pXRF can be helpful in situations where there are commingled human remains to
ensure that all the bones, especially the smaller bones of the body, are re-associated to the correct
individual. Ultimately, reassociating commingled human remains is a multi-step process, but the
pXRF shows promise in distinguishing skeletal remains by individual through their chemical
elemental profile.
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